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SCIENCE RATIONALE FOR AN INITIAL
ASTEROID-DEDICATED MISSION

FRASER P. FANALE

Space Sciences Division
Jet Propulei. * Laboratory
California Institute of Technology
Pasadena, Califormia 91104

The maturation of our knowledge of asteroid surface mineralogy
from carth-based measurements and the simultaneous advent of a
powerful new low-thrust propulsion s stem (Ion Drive) have
brought us to the threshold of identifying a scientifically
attractive initial a.teroid-dedicated mission. Science re-
quirements dictate rendezvous with several asteroids which
should be carefully chosen on the basis of Earth-based obser-
vations, and investigated as global entities. Satisfactory
execution of the key remote sensing experiments requires long
rendezvous/orbit times. The delivery of one or more hard
landers to asteroid surfaces is also scientifically desirable
and within the capabilities of an Ion Drive system. Such a
mission could provide unique insights into: (1) the physical
and chemical conditions during planetary formation, (2) the
internal differentiation histories of solid plaretary bodies,
(3) the genetic relationships among small solid hodies of the
solar systen, (4) the collisional history cf the asteroids and
its implications for the bombardment of planetary surfaces, and
(¢) the potential of asteroids as sources of raw materials for
space ytilization.

CURRENT KNOWLEDGE

Our current knowledge of the asteroids suggests that they may provide a unique source
of in-ights into the formational conditions and subsequent history of the solid bodies of
the solar system. There are about 2000 asteroids with well-determined orbits, and with
the application of current observing techniques this number could reach 50,000. Most or-
it the Sun in modestly inclined and eccentric orbits between 2 and 4 AU. OQur strongest
source of scientific information about the asteroids comes from observations of their sur-
face optical properties (which strongly imply surface mineralogy) and comparison of these
properties with those of meteorites for which a great library of chemical and isotopic
data, with genetic implications, is available. A danger in such comparison is that, al-
though most (but not all) asteroids strongly resemtle some class of meteorites in their
optical properties, hence mineralogical composition, there is no guarantee that this equiv-
alence extends to other (trace element, isotopic, chronological, etc.) properties which
characterize the meteorites. Other than qualitative inferences which may be drawn from
reflectance spectra, we have no direet information concerning the chemical compositions of
asteroid surfaces. Except for two asteroids for which approximate (:10%-20%) densities
are available, we have no direct bulk compositional information whatsoever, let alone in-
formation on zonal structure. Finally, even the optical properties refer only to the whole
disks; there has been no spectral mapping of the asteroids except for large numbers of
lightcurves (albedo at a particular wavelength versus rotatioral phase) and polarization

data.
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Stil1l, the Earth-based optical data constitute our "strong suit" as far as scientific oy !
information on the asteroids and their relationship to the solar system as a whole is con- o *

cerned. These data must also serve as the focal point of any attempt to plan intelligent-
ly in initial asteroid missions. There are moderate spectral resolution (~24 spectral
element) data in the 0.3-1.0 um range available on about 200 asteroids and broad-band UBV
photometry on perhaps another 300 (ef., Morrison, 1978; Chapman and Zellner, 1978). For
about 30 asteroids, the 0.3-1.0 umn data have been augmented with observations at two spe-
cific wavelengths further into the infrared (1.6 and 2.2 um). Continuous spectra from
0.3-2.5 um are available for only a few asteroids.

The first conclusion from these data is that asteroid surfaces tend to fall into one
of several rather distinct spectral classes which resemble spectra of each of several major
mineralogical/chemical ciasses of metecrites (Morrison, 1978; Bowell et al., 1978). The
data favor the existence of such distinct classes rather than continua in that histograms ! |
of the visible albedos (Morrison, 1977) and red:blue ratios of all the studied asteroids T
are unequivocaliy bimodal and because othe:~ straightforward portrayals of the asteroid re- i
flectances (e.g., visible albedo versus U-B magnitude, etc.) tend to prcuce distinct clus-
ters of points (Zellner and Bowell, 1977; Bowell et al., 1978). However, some asteroids
do not fit well into any familiar meteorite classes on the basis of their spectra, and the
frequency of falls of va.ious meteorite types appears to be rather different from the over-
all population distribution among the asteroids--at least the belt asteroids. Neither of
these problems shakes the apparent correspondence between asteroid surface spectral clacses
and classes of meteorites. In the broadest sense, most of these asteroid surfaces tend to . }
fall into the following classes: C type (corresponding to optical properties of the primi-
tive carbonaceous meteorites), S type (corresponding to stony meteorites made up of ordi-
nary rock-forming silicatec), and M type (corresponding to iron, stony-iron, or metal-rich
meteorites). For a further discussion of asteroid spectra, see Gaffey and McCord (1977),
Chapman et al. {1875), Bowell et gql. (1978), and a current review by McCord (1978). The
dynamical arguments allowing derivation of most meteorites from the main belt asteroids
{+ cluding derivation of some from Apollo and Amor objects which might ultimately have
been derived from the main belt) seem strong (Wetherill, 1977; Wetherill, 1978; Anders,

1978).

A sectond ooint is that the most populous class of asteroid surface specira is equated |
to the most primitive and chemically complete meteorite type: the carbonaceous meteorites. ! .
This supports the general notion that asteroids may represent a potential watershed of . f’
knowledge about early solar system history because they are minimally altered remnants or ’ ;
incipient subplanets that never modified themselves endogenically (geologically) as has, |
say, the Earth. This notion--that asteroids are generally primitive--is also supported
by the observation that there seems to be some concentration of the (least modified) C
astervids in the outer portion of the belt. The C asteroids still cannot be portrayed as
being the most compositionally unmodified or chemically complete objects (in bulk) in the
entire solar system; present information suggests both comets and outer planet satellites
may be more chemically complete in terms of bulk composition. However, differential sub- :
limation of ices makes cometary surfaces a complex source of information--especially con-
cerning the initial state of the non-icy component which was initially available in the
inner solar system, while endogenic differentiation (it is easy to melt and differentiate
a large predominantly icy object) creates similar complexities for the outer planet satel-
lites. Also. the correlation of asteroid composition with heliocentric distance suggests
that, despite considerable scrambling, most surviving asteroids seem (uniike comets) tn be
in roughly their original orbits. Thus asteroids seem most likely to be dominated by
material which gives clues to the original nature of solid material which formed the inner
planets. (lIronically, the initial notion that thic had to be so just Hecause they were
too small to have any geological (endogenic) histories of their own now seems to be an

oversimplification (see below).)

A third point is that, despite their apparent status as an assemblage which generally
reflects the raw state(s) of the matter which made up the inner solar system, certain of
the asteroids appear to have remarkably differentiated surfaces. No asteroid appears
large enough to have differentiated by the processes which are usually ¢+ 1ted with
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planetary differentiation, <.e., conversion of gravitational energy to heat or accumula-
tion of heat from decay of long-lived nuclides such as 238y, 235U, 232Th or 49K. In such
small bodies (<600 km diameter) the heat would be lost as fast as it accumulated so it
would never get hot enough inside to melt most silicates or metal. Does this mean that
asteroids represent fragments from a disrupted very large object exceeding the summed
mass of all the surviving asteroids by a large factor? More likely, we may have overlooked
an important heat source that "works" even (or especially) for small bodies with short
thermal lag times. One asteroid (4 Vesta) appears covered with basaltic surface flowe.
One class of meteorites (the basaltic achondrites) also seems to have been derived from
such surface flows. Yet this object (Vesta) has a diameter of only 550 km. How old is
the surface of Vesta and ¢f other asteroids which are suspected of having differentiated
surfaces? What heat source was responsible? Heating by electromagnetic induction asso-
ciated with an early stage in the Sun's development (Sunett and Herbert, 1977) has been
suggested as one possibility; another may he heating by short-lived nuclides (e.y., 26A1)
left over from nucleosynthesis (Papanastassiou et al., 1977). Both could be effective
despite the short thermal lag of these smal) objects. A1l suggestions are subject to
tests by study of the cratering histories of these differentiated surfaces as well as
other measurements. A key point is that we may have failed to include such important
early heat sources for the large inner planets in our analysis of their thermal histories.*
The Moon is an example of a suspiciously small body which was rather thorouchly melted
very early in its histny. Bul the Moon is a borderline case; accretional vnergy could
conceivably have beer sufficient to melt its outer portions. The problem is more sharply
etched for Vesta; it seems much too small for the zinergy sources propcsed for the Muon's
differentiation to .ave been effective. Also it has two neighbors, Ccres and Pallas,
which are larger “ut apparently nave primitive carbonaceous surfaces. Clearly, there are
some major mysteries involved in our uncerstanding of energy sources in the early 3lar
system. and clearly the asteroids are a potential source of information which may lead to
the explication of these energy sources.

A fourth point is that the asteroids alsc may represent a major source of information
concerning the very pocrly understood physic.l processes of planetary accretion. There is
some balance today between accretion and fragmentation in the asteroid belt. By examin-
ing asteroid surfaces we may be able to recreate this collisional history and understand
why a single asteroidal planet apparently never formed. These collisions may also have
revealed "cross sections" of the former deep interiors of asteroids. In addition, these
coliisions and dynamical redrrangements have delivered to the terrestrial planeis a good
part of the borbarding fiux which Jominated their early history and the marks of which
(craters) serve as a useful chronometer to document that history (Chapman, 1978),

A fifth point is that asteroids represent a wide, even wiluly disparate, assemblage

of peculiar surface mineralogies ranging from very metal-rich surtaces to surfaces rich in
carbonaceous materials. Tnis, together with the fact that these are small bodies {which
are small ercugh to allow comparatively easy ejection of their surface material tu space
or alteration of their orbits) suggests--at least for the Earth-crossing asteroids--their
possible eventual utilization as economically attractive sources of raw materials. Such
materials ¢ould be used for construction of large space structures as opposed to the pos-
sibly more expensive alternatives of launching materials from the farth or processing them
on--ard launching them from--the Moon (e.g., see O'Leary, 1977). Thus we are led to the
formulation of the following key questions which seem especiaily appr ..hable via ac ercid

studies.

*Even if the planets themselves accr.ted too late to benefit from such heat sources, the
protoplanets that accreted to form planets may have been so differentiated.
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QUESTIONS AMENABLE TO ASTEROID STUDIES

1. What where physical and chemical conditiuns in the solar system
during planetary accretion like?

a. MWha. were the physical inceractions among solid bodies of all
sizes like durirg accretion nf our planetary system? This
includes processes of accreiion, fragmentation, and dynamic
rearrangement. What do these physical conditions imaly for
the formation and initial state of very large objects like
the Earth and their subsequent bombardment history?

b. What chemical fractionation processes opetated during conden-
sation/accretion to produce differences in bulk composition
among asteroids and could these same processes account for
apparent differences in bulk compositions among the terres-
trial planets? Did thesa condensation/accretion processes
produce "ready-made" or [rnitial zonal layering withi» astei-
0ida’ Jr planetary bodies in the solar system?

2. What magmatic processes operated within accreted bodies to
produce internal differentiation?

When did these processes operate and what were the energy sources
{short-lived nuclides, solar electromagnetic interaction, etc.)?
Why did they seemingly affect some asteroids and not others? Did
they affect the Earth and the other planets as well?

3. What are the genctic relationships among small bodie in the solar
system?

Are there parental relaticnships among (a) various orbital families
of asteroids, (b) various spectral classes of asteroids, (c) zomets,
(d) meteorites, (e) planetary satellites, and (f) interpl.netary or
interstellar dust? In wnat context does this place the vast library
of isotopic, geochemical, textural, and other information we have
already accumulated on neteorites and whet, in turn, does this tell
4s about planetesimal/planetary genesis?

What is the potential of the astero®ds as c<nurces of rew materials?

What variety of raw materials are available? Is mining from aster-
oids of any of these materials for any application preferable to
mining, processing, and launching from Earth, or mining from non-
asteroidal extraterrestrial sources such as the Moon?

The preceding key questions are essentially those which were singled out in the T .-»t of
the Tervestrial rcdies Seicwce Working Seoup {Brandt or al., 1977).

SCIENCE STRATEGY AND MISSION TACTICS

Wnat does all this information tell us about how (or indeed whether) to design an
asteroid-dedicated mission? Some people might conclude that there dre so many asteroids
of such varied composition that the design of a valid mission which studies only a tiny
fractiorn of a percent of them is a hopeless task. OQOthers m’ght cont:nd that the ground-
based program has provided so much knowledge of the asteroids that we ought to wait until
spacecraft reconnaissance of the entire solar system is accomplished before we visit them.
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Still ochers ma conclude that our knowledge of asteraids is too meager to permit judi-
cious mission planning or selection ot targets.

1 disagree with tuch conclusions and conclude that, thanks to the ground-based pro-
gram, we have just now reached the threshold of knonledge where q valid investgation of
this (normous population of objects from space miy . intelligently rlamned. Moreover, |
conclude (see next section) that our conceptual designs for low-thrust propulsion systems
have also just recently matured to the point where a viabie asteroid-dedicated mission so
planned may actually be executed. Specifically, based on .he information in the previous
section, [ conclude:

1. A seientificql?y valid initial asteroid mission must visit
several asteroids and not just one.

2. Th- task of choosing asteroid targets is not hopelass. [nstead.
the Earth-based data allow us to selrct representatives of all
ma;or spectral classes and to identity other uniquely interesting
target objects as well.

3. Such a mission will achieve high scientific status only if it
fills, for the selected asteroids, the two greatest gaps in our
knowledge, namely information on their:

a. Jdenattics

b. surfuce chemi~a? composition, including the maximun ancunt of
accuracy and spatial resolution consi-tent with achievenent
of the other listed mission yuals.

4. Spectral data should empt size spatial resolution of two classes:
a. very broad-band multispectral 1magirg
b. high spectral resolution-iioderate spatial resoiution mapping.

5. Some attempt at investigating the internal zonil structure of the
asteroids should be made.

I have made a semi-serious atte pt at constracting a specific mission scenario,
Table 1, based on these principles. This scenari. s intendod as an illustration only.
In the next section, it will be shown that some spe.i1fic «cenarios nearly as deranding
with respect to buth targets and encounter conditions (see below) as that given here as an
illustration of science desires have aiready been ident’fied by Bender (197/) as being
within the capabilitv of an lon Nrive mission and compatibie with the delivery of a satis-
factory scientific pay'cad as well. Ir, Table 1, I have listed the dermanded or nreferred
targets, the characteric.ics of the target (if unigue) or ‘kose of tre c¢lass that it
represe1ts, the number of dependatly identifiable ca:didates “3itisfring the descrivntion
and the reasons why that asteroid or ciass or asteroid deserves ¢ Dla~e n the limited
list of targets. To underline the illustrative natu e af this siencrio, | should point
out that there are at least two c<lasses of obiecces which could profrtabiy be substituted
for those 1 have listed. (1) a wember or members uf a discrete arbitai family (because
of the possit lity that zones internal to a fragmented progenitor 1..qht be expesed; hysa
(Table 1) yualifies as the largest member of a 12-member orbital family), and (0) an aster-
oid or asteroids known con the basis of 1ts optical properties tc be an . lisely source ot
any meteorites in hand. Finally, it seems unlikely that more than fou=-tc “i1ve asteroids
per launch could be included in an actual multi-rondezvous mission.




¥ Table 1. An Example Multi-Rendezvous Mission
AT Ry X ol |
S A Priority go. ﬁ; )
. TR (not order of Description Examples E?e - | Special Scientific Interest
ol e A encounter) able
, 3 7 et Members
o &
B Cy, 1. Demand Vesta 550 km diameter; [Unique - Global differentiation/
“j? 13 covered with ba- time?/energy source?/source
] salt-like materi- of achondrites?
i al/color varies
- i 2. C Types
,£f~ ;§u a. Prefer Ceres |lLargest dark C Unique - Largest object/relic, not
g 3 s tyr but oddly disrupted/generally primi-
A EE e bright (~6% al- tive/most populous class/
b ’gﬁ bedo); water band largest thermal lag/region-
=»%' o al endogenic effects?
1 b. Accept other | C type/albedo 10 Hygeia >10 Primitive?/source of car-
R large C sub- | <4%; D > 70 km 19 Fortuna bonaceous chondrites?
o . stitute for 324 Bamberga
N | S Ceres
% 3. S Types
N ¥ a. Prefer 349 Very red/deep Unique - Derived from mantles of
! Dembowska olivine band differentiated objects?
. fﬁ.* b. Accept as An S with sub- 12 Victoria >10 Class deirived from mantles
¥ substitute: |stantial olivine |63 Ansonia of differentiated objects?
1 E other S with | and pyroxene
olivine and | bands
pyroxene
bands
4. M Types
" a. Prefer D > 200 km/low Unique - Huge metal-rich object/from
) 16 Psyche albedo/no bands/ core of differentiated ob-
- no sharp UV ject?/source cf mesosider-
- dropoff ites?/end member of S-M
. series
N b. Accept any M, smaller than >6 Simitar, but smaller
’ M type Psyche
5. E Types High albedo/neu- |44 Nysa - Bright/surface of ensta-
tral color/"flat" | 64 Angelina tite?/deep interior of dif-
spectrum ferentiated object, but dif-
ferent zone than other Ss?
6. Any additional |C type; D < 50 km >100 Representative of large
C type small class/most primitive/chem-
ical composition important/
easy to find/source of some
carbonaceous chondrites/
e compare with Mars' moons
\ O -
» 7. Any additional >40 Representative of large
1 S type class/easy to find
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What should the scientific payload be? The measurement of satisfactorily accurate
densities requires mass measurement accurate to 1% or better. For a 200 km diameter

rocky asteroid this can be done with a closest approach of 10° km if the velocity is

1 km sec-!. The other ingredient in the density recipe is the volume, which requires
global shape measurement. This is so because small asteroids, unable to reassume hydro-
static equilibrium shapes after large impacts, can have "bites" missing from them which
will medify the volume calculations. An approach within 1000 km or less should provide
satisfactory resolution for this purpose in the case of a CCD camera. For imaging upon
rendezvous or orbit, at least six broad-band filters should be part of the camera system
and should be carefully chosen, not only to produce good color pictures of the object, but
to create a synergistic base for extension of the results of a high spectral resolution-
moderate (km) resolution spectral mapper. A conceptual version of the latter instrument
has been proposed for the Lunar Polar Orbiter mission and has already been tentatively .-
accepted for the Galileo missicn. Such an instrument can produce definitive moderate to -
low resolution maps of mineral distribution over the asteroid surface. Also, a prominent
H,0 band has just been identified on the asteroid Ceres (Lebofsky, 1978). Maps of H,0
distribution on asteroid surfaces may be produced and constitute an important and obvious-
ly exciting produce of this and the gamma-ray equipment: both a gamma-ray and x-ray fluo-
s rescence instrument are necessities on the payload because together they will provide defin- :
S itive chemical analyses of the major element abundances and selected ahundances of espe- ‘
o cially cosmochemically important minor or trace elements. Analyses of H, 0, C, Na, Mg,
- Al, Si, K, Ca, Ti, Fe, Th and U are possible. Of particular interest would be the poten-
‘ tial of the gamma-ray instrument for measuring the C and especially H distribution since
the history of H,0 and other volatiles associated with C astercids will be an important 1
area of investigation. These measurements are absolutely essential to the fulfillment of
the major science goals as indicated above. The reader is referred to the discussion of
remote chemical measurements by Arnold (1978). Nonetheless, the quality of chemical data |
is enormously dependent on the encounter conditions. Based on the science needs of this
Sl mission, and the practicalities involved {see below), low spatial resoiution chemical map-
13 ping emerges as a requirement. There is no guarantee that vastly different geochemical A
PO provinces would be seen since the low gravitational fields allow significant global re- ' L;
i distribution of ejecta to result from impacts. Also the albedos of most asteroids show A
ol somewhat meager or nonexistent optical variations with rotation of most. Still, these are o [.
R whole disk data and there is the possibility of some windows in some asteroid crusts that-- ’
3 given the combination of chemical and spectral mapping--could be quite revealing. This

! might be true for the largest asteroids where impacts have more difficulty in spreading

material over most of the asteroid. Piles of large gxposed blocks may characterize major
impact sites. Also it is generally assumed that smaller asteroids are essentially in the
erosional mode. Thus the statement that "asteroids paint themselves grey" may prove more
true than false, but the meager state of our knowledge of these objects leaves spatial
resolution for chemical and spectral measurements as an important goal. A discussion of
some of these problems is given in this volume by Chapman (1978).
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> A crucial point is that very slow flybys (<200 m sec !) are vastly preferable to fast '
=71 flybys of the type offered by typical ballistic multi-encounter missions (e.g.. 4-10 km

< sec”!) in that ine latter seem to offer only crude (10-15%) chemical analyses of only a
)j}\ few chemical elements. For a major asteroid a slow (<200 m sec™!) flyby is capable of
o L prov:iding precise elemental analyses owing to the longer integrations times. When the
.3 stay time at the asteroid is several days, then not only could precise a alyses be ob- )
1. tained for several elements, but this analysis could be extended to cover a large porticn Cor
of the asteroid and crude analyses could be obtained for each of a handful of spatial ele-

C ments, affording a crude chemical map. If the orbit could be maintained for tens of days, Lot

v = then a real map, containing perhaps 100 spatial elements, could be obtainel. Such a pro- i
cedure could ailow spotting even fairly small regions of unusual chemical compositions-- ’ \
AR such as the winduws mentioned above. Beyond these stay times, field-of-view limitations B
‘& " come into play. Alsu, the accuracy is likely to be limited by calibration uncertainties

1, N rather than nreci.ion. Figure 1 gives a very crude back-of-the-envelope representation of , o
! ~: vl the dependence or the quality of chemical information for a typical off-the-shelf instrument ‘ -
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Fig. 1. A highly generalized representation of the typical precision with which the ratio
of two major elements might be determined as a function of flyby velocity or orbital stay
time at a 500 km diameter asteroid with a 100 km closest approach or orbital attitude.

Since neither the elements nor the design of the radiometric instrument (approximately an
off-the-shelf instrument) are specified, the absolute values given should not be taken too
literally. Also, it is only precision, not (calibration-limited) accuracy which is indi-
cated. However, the strong dependence of the precision of whole disk analyses on flyby
velocity, and the sharp dependence of mapping capability on orbital stay time are fairly
portrayed. The close, fast fiyby shown on the left is not only scientifically unattrac-
tive, but 1t also requires the development and use of precise optical navigation techniques.

in an example enccunter. It is true that use of one ¢f the recently developed huge (and
heavy) detector arrays would improve the level of performance for a given set of encounter
conditions. tiowever, encounter conditions determine coverage and other parameters as well
as signal-to-noise, and given any instrument the quality of the result is so steeply depend-
ent on encounter conditions as to militate for <200 m sec~! relative velocities and orbit
whenever possible.

Information concerning the thermophysical properties of the regolith could be ob-
tained from infrared radicmetric measurements from 8 um to 40 um. Some ancillary composi-
tional data might also be obtained. Tracking might provide valuable information concerning
lateral mass variations. Considering the possibility of coalescence of several large nu-
clei and the possibility of the resulting density composite surviving with minimal later
internal evolution of some of these objects, and considering the possibility of radial
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zoning being exposed by fragmentation, such an experiment might provide interesting data.
This is especially so since the surface may be coated with a more or less uniform "blend"
of material from various regions as the result of impacts. A fields and particles pack-
age consisting of a magnetometer, a solar wind plasma analyzer and a low-to-medium energy
electron detector could provide valuable information on the existence of intrinsic or
fossil magnetic fields and the interaction of the solar wind with the asteroid as an elec-
trically conducting or insulating body.

Although [ have emphasized the importance of rendezvous for the chemical measurement ,
thic point can be almost as strongly made for the uther remote sensing instruments, in-
cluding the mapping spectrometer, imaging, radiometer, gravity experiment, and the fields
and particles package. In some cases, the experiment benefits mainly from enhanced signal-
to-noise, but in others the increase in coverage and variety of positions relative to the
satellite-Sun line or even simply increasing the time base for synoptic observation are
equally important.

The possibility of including hard landers or penetrators on a mission is attractive,
especially considering the massive payloads made possible with an lon Drive vehicle (see
below). A hard lander might weigh 80 kg and contain perhaps a 12-15 kg science payload.
This would allow for a three-axis stabilized seismometer plus the following: a multi-
spectral facsimile camera could provide close-up panoramic imaging of a small domain on
the surface. An a/p/x-ray fluorescence device could provide a complete chemical analysis
including minor or tracc elements. Such data could also help to plan a subsequent sample
return mission. However, orbital science should definitely not be sacrificed in any major
way for lander science.

Table 2 shows exumplc orbiter and lander payloads. 1 have, for the sake of argu-
ment, assumed a hard lander rather than a penetrator for this exercise, but penetrators
may be preferable. Penetrators otfer a greater chance {but only a chance) of allowing a
heat flow measurement and probably better coupling for a seismic experiment. However,
their surface payload and data rates are more limited and the problems of emplacing a
penetrator into a low G body with no atmosphere introduces some engineering complexities.
The choice is not yet clear. In any event, the vehicular capabilities of the Ton Drive
propulsion system aliow cne to consider carrving hard landers or penetrators for several
targets in addition to a satisfactory "orbiter" payload.

Achievability of Sceience Desires

How feasible are missions like that described in Table 1? Detailed discussion of
the full assemblage of mission options is beyond the scope of this paper and is available
elsewhere in this volume (Niehoff, 1978). However, a short discussion of our ability to
carry out a viable multi-rendezvous mission seems appropriate. Multiple rendezvous sce-
narios involving either ballistic missions or ballistic missions with gravity assists are
not compatible with the scientific criteria outlined above. Two typical ballistic mission
scenarios (one direct and one Vega) are given in the first two columns of Table 3. They
are unattractive primarily, but not exclusively, because of the high relative velocities
at encounter and the poor assemblage of targets. As indicated in Fiqure 1, such condi-
tions would probably provide only rather crude whole disk elemental abundance measurements,
with no chance of chemical mapping at all--even in the case of an asteroid much larger
than the targets given. A1l the other measurements would likewise suffer because of the
short time base, reduced coverage, etc., as discussed earlier.

The third column gives a scenario based upon the capabilities of a solar electron
propulsion system (SEP). This example was identified as the result of a casual prelim-
inary search. Nonetheless it at least provides a rendezvous with Vesta and a slow flyby
(270 m sec™!) of the astervid lo. Although the array of targets is exceedingly 1imited,
this preliminary example serves to show that the future of asteroid exploration from
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Table 2. Example Payload for Asteroid Rendezvous
Orbiter
Instrument Mass Power (w)
1500 mm CCD Camera (800 x 800),
multispectral (8 filters) 20 20
250 mm CCD Camera (800 x 800),
multispectral (~8 filters)
x-ray Fluorescence 2 2
y-ray 17 10
Mapping Spectrometer 10 5
Multispectral Radiometer 7 4
Radar Altimeter 12 30
Fields and Particles Fackage 10 15
Micrometeoroid Detector 3 2
Tracking - -
TOTAL 81 kg 88 w
Lander (Mass = 80 kg*)
Instrument Mass Power (w)
Facsimile Camera 1.5 1.0
a-Backscatter/p/x-ray Fluorescence 2.0 1.5
Seismometer 2.0 0.2
Magnetometer 0.6 0.3
TOTAL 6.1 kg 3.0 w

TOTAL MASS OF ORBITAL INSTRUMENT PLUS LANDERS:
81 kg (orbital instruments) + 160 kg (80 kg x 2 landers) = 241 kg

*Each of two.

space was closely bound to the development of some sort of Shuttle-launched low-thrust
propulsion system (Atkins et al., 1976).

Since then, NASA has committed to the development of a particular low-thrust propul-
sion system. called lon Drive, which is based upon the SEP concept, but wnich has much
higher thrustar power levels, an improved array of solar cells and other major design
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improvements. Using Ion Drive, a large scientific payload, including possible multiple
landers, can be delivered to a wider variety of asteroidal targets for rendezvous lasting
several tens of days at each asteroid (Bender, 1977). In the case of asteroids with diam-
eters >50 km, it would not only be desirable, but necessary, to orbit for the duration of
the rendezvous. Orbital velocities would be ~100 m sec-! Tor a major asteroid under the
encounter conditions described in the caption of Figure 1. Columns 4, 5 and 6 of Table 3
show two of several example scenarios identified by Bender (1977) which ! consider to be
especially attractive and which, in fact, are marginally compatible with the science de-
sires stated above. The first of these involves an initial encounter with Vesta, a sub-
sequent encounter with the large C object Fortuna, and two encounters with S asteroids.
The second orbits Ceres, a small C, a 75 km S, and a small M object. However, it does

not encounter Vesta. The last orbits both Ceres and Vesta, although it does not orbit the
latter until 1996. It also orbits a 46 km C object and a 75 km S object, but no M object
is encountered. In the Bender scenario over 5000 kg is placed in orbit including ~300 kg
of mass dedicated to orbital instruments and lander packages. This allows for several
hard landers as well as a generous orbital payload, quite compatible with the example sug-
gested in Table 2. It has been pointed out to the author that NASA is unlikely *to commit
to the development of an Ion Drive design quite as powerful as that assumed by Bender.
Nonetheless, we are getting close.

Despite the tremendous progress that has been made in defining candidate multi-ren-
dezvous missions, none is yet completely satisfactory. For example, none of the multi-
rendezvous missions identified by Bender encounter Vesta, a C object and an M object.
HMoreover, even with Ion Drive, a transfer from one asteroid to another still vequires
about half a revolution (2 years), so these missions take an exceedingly long time
(>8 years) to complete. Finally, there is no specific provision yet for possible sample
return. Some schemes for multiple asteroid sample return have been suggested but have
not been the subject of detailed engineering studies. Even if such schemes are shown to
be compatible with the Ion Drive payload, they should be carried out on an initial aster-
0id mission only if they do not seriously compromise the ability of the initial mission to
investigate (1) each of several carefully selected asteroids as (2) global or planetary
entities. This seems unlikely.

The impressive array of multi-rendezvous missions identified by Bender is, in fact,
also the result of a very preliminary and limited survey which was conducted under a
rather constraining set of rules. For one thing, it was assumed that the encounter with
either Ceres or Vesta had to be the first encounter. Also, the payload mass at first en-
counter was optimized, which is not necessarv. Besides simply continuing the search, the
effect of altering these and other constraints should be investigated. The compatibility
of an initial spacecraft investigation of an Apollo asteroid with studies of those in the
main belt should also be studied. A dual launch mission with nonredundant targets also
seems a very attractive option. Finally, the possibility of encountering a Trojan aster-
oid at the termination of the mission should be considered. In any event, Table 3 shows
at a glance that dramatic progress has been made, and that the simultaneous maturation of
our knowledge of the asteroids from Earth-based optical measurements together with vast
simultaneous improvements in anticipated delivery capabilities has brought us to the
threshold of the definition of a viable initial asteroid-dedicated mission.
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DISCUSSION

ARNOLD: I strongly agree that multiple encounters are essential to good science, and that
long stay times are needed for the gamma-ray or x-ray sensing systems. Flybys are not
attractive, especially for gamma-rays. I will discuss this point further in my paper
in this afternoon's session.

ANDERS: In our museums there are howardites that seem to match the spectrum of Vesta.
Suppose the measurements on a rendezvous mission to Vesta show that there is a chem-
ical resemblance between howardites and the surface of Vesta. Are we then to assume
on the strength of this identification that everything we have ever learned about
howardites now applies to Vesta?

FANALE: No, you have to determine the chronology of differentiation independently for
Vesta by looking at the cratering history of its surface. You would also want to know
what the density is and if there is a density inversion,

ANDERS: The age would be difficult to get because the cratering rate in the asteroid belt
is mucn higher, which means the surface will be saturated.
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FANALE: We are going to have to do a lot of thinking about the specifics. I think we
have to establish the link between Vesta and the achondrites. Chemical mapping of
Vesta can be accomplished and parhaps there are windows where you can see something
about the zonal structure and understand something about the magmatic path that was
foliowed in its differentiation as well.

CHAPMAN: If you place too much emphasis on unigue targets, such as Ceres and Vesta, you
might get no typical C or S objects.

FANALE: You will almost certainly encounter a small one on the way.

ARNOLD: If there have been highly differentiated bodies in the asteroid belt (Vesta seems
to be one clear example), one strongly suspects there are now pieces of highly evolved
bodies. It can't be that all the Vestas are still intact. In that case one would
have the possibility of looking at a vertical section.

FANALE: The most optimistic case for the chemical mapping of the very big asteroids is
the possibility of seeing some of these windows. For the very little ones there is a
possibility it will be totally in an erosional mode so vou are not covered with a
patina or any other dust. [t is likely that we may not learn much about lateral vari-
ations on the rock surfaces of the middle-size asteroids because of their regoliths.
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